The electronic and optical parameters of γ-Al2O3 and θ-Al2O3 have been studied by using the first principle within the framework of density function theory (DFT). The computational approach is based on full-potential linearized augmented plane wave method (FP-LAPW) within the generalized gradient approximation (GGA), local density approximation (LDA), and modified Becke-Johnson potential (mBJ). The results show that these compounds have a direct gap (Γ-Γ) of about 5.375 eV and 4.716 eV for γ-Al2O3 and θ-Al2O3, respectively. Several optical parameters of these materials are also investigated. The values of the real part of dielectric constant are found to be 3.259 and 3.694 for γ-Al2O3 and θ-Al2O3, respectively, which are close to the experimental one (3.416). The refractive index is 1.806 and 1.922 for γ-Al2O3 and θ-Al2O3 respectively, and shows a good agreement with the experimental result which is 1.86. GGA findings are consistent with the experimental 2 results and are better than the other approximations. There are no salient differences between GGA and LDA results. The results advocate using this material as a transparent conducting layer in solar cell structure, which can be operated in a wide energy range.
Introduction
Currently, great challenges and opportunities in the industry of solar cells are mainly focused on incorporating nanostructure materials in their structure, which lie in making substantial improvements in these materials to increase efficiency for the generation, conversion, transmission and use of energy. In recent years, aluminium oxide (alumina) Al2O3 material has been instrumental in overcoming these challenges [1] [2] [3] [4] .
Alumina has attracted much attention among single metal oxide because of the high specific surface area and a large number of defects in its crystalline structure. They are widely used in ceramic applications such as microporous catalysts, ultra-hard coatings, abrasives and polishing [5, 6] , and electroluminescent flat-screen displays [7] . The nanoparticles' alumina are also used as fillers for ceramic matrix composite materials [8] and adsorbent to remove crystal violet [9] and phenol [10, 11] . Based on literature, there are seven phases of alumina, also known as "Transition Aluminas", such as chi-, kappa-, gamma-, theta-, delta-, eta-, and rho-alumina. Although corundum structure, also called alphaalumina, is not a transition alumina, it is the last crystalline structure formed by increasing the temperature on the transition alumina. All these transition aluminas are metastable having oxygen sub-lattice that is near to close-packed (either face-centered cubic or hexagonal closepacked) [12] . Gamma-Al2O3 (γ-Al2O3) with space group Fd3m [12, 13] , was the first classified as a transition alumina phase by Ulrich [14] . The gamma prefix has been used for the structure obtained from the dehydration sequence of boehmite at 400 ºC. Various studies have shown that theta phase (θ-Al2O3) appears at high temperature [15] around 1000 ºC, which has a monoclinic crystal structure with C12/m1 space group.
At present, approaches based on density functional theory (DFT) are mostly used to calculate the physical properties such as structural, electronic and optical properties. The computational approaches are considered more and more popular in many fields such as material science, condensed matter, and quantum chemistry. In some cases, it has even replaced the experimental method, such as when they are difficult to execute under standard conditions, or to understand the behavior of physics phenomena for real materials and to make specific predictions of new materials. The computational method also reduces the time and cost. Various computer packages employed DFT in quantum chemistry and solid state physics software packages, mostly along with other methods, such as WIEN2k code [16] .
The main part of DFT approach is the structured data, where there is no perfect crystalline structure for both alumina phases. Therefore, most researchers take the nearest structure of materials and then modify it [17] [18] [19] [20] . For instance, the structure and bonding in θ-Al2O3 have been studied by means of DFT method with local density approximation (LDA), and the outstanding result of this work is the band gap value around 4.64 eV [20] . Cai, et al. [21] have investigated theoretical modelling for the dehydration mechanism of the transformation between γ-Al2O3 and θ-Al2O3 by means of DFT as implemented in the Cambridge Serial Total Energy Package (CASTEP). Vienna ab initio simulation program VASP in the framework of DFT has been used to compute electronic structure of γ-Al2O3 with generalized gradient approximation (GGA) and LDA as the exchange-correlation potential performed by Menéndez-Proupin and Gutiérrez [22] . They have suggested spinel and non-spinel model for γ-Al2O3. The results have shown that there is no change in the band 4 structure of both models and the band gap value is found be 3.96 eV. Paglia, et al. [13] have shown an extensive computational study of γ-Al2O3 by means of SIESTA code, which include the geometric analysis of around 1.47 billion spinel structures, followed by derivative method energy minimization calculations of nearly 122000 structures. This research has contributed further insight on spinel and non-spinel structural models. Authors believed that simulation was more favorable with a structures non-spinel site occupancy, while later, the spinel model was proposed [23] . In this work, structure files of γ-and θ-Al2O3 are created and then used to calculate the electronic and optical properties of these materials.
Computational Description
The electronic and optical properties of these crystal structures are investigated using the highly accurate full-potential linearized augmented plane wave (FP-LAPW) within the framework of DFT, as implemented in the WIEN2k computer package [24, 25] . Generalized gradient approximation (GGA), local density approximation (LDA), and modified BeckeJohnson potential (mBJ) are used for the exchange-correlation interaction [26, 27] . GGA is an extension or a next logical step to improve LDA potential, which includes some knowledge of in-homogeneities in the density by making the exchange-correlation contribution of every infinitesimal volume not only depending on the local density in that volume, but also in the density in the neighbouring volumes. According to the previous studies, the GAA predictions are the same if not better than the LDA for getting structural [28] , electronic [29] , and optical [30] properties of materials. Therefore, the electronic and optical properties of both alumina phases have been computed under the basic approximations of GGA and LDA to show the little differences between their results.
The calculation starts by creating structure files for both alumina phases depending on available information from previous experimental works (see Figure 1) . In this calculation, the separation energy between the core and valence states is -8.0 Ry. In the full potential scheme, the wave functions inside the atomic spheres are expanded in terms of spherical harmonics up to lmax = 10, and in terms of plane waves with a cut-off RMT KMAX = 7, where RMT denotes the smallest muffin-tin radius, and KMAX gives the magnitude of the largest K vector in the plane wave expansion. 50 k-points are used in the Brillouin zone integration.
The self-consistency is assumed to be attained when the total energy difference between successive iterations is less than 10 -5 Ry.
Results and Discussion
The calculated band structures for both phases of alumina are shown in Figure 2 . The Fermi level is set at zero on the top of the valence band. It is clear from the figures obtained using GGA and mBJ that both structures show direct (Γ-Γ) band gap. Table 1 states in the conduction band are shifted toward high energy as we move from GGA to mBJ approaches, which causes increasing in the band gap.
In order to explain the differences between GGA and mBJ approximations in the optical properties, the different optical spectra such as real ε 1 (ω) and imaginary parts ε 2 (ω)
6 of the dielectric function, reflectivity ( ), refractive index ( ), extinction coefficient ( ), and absorption coefficient ( ) that are frequency dependent are plotted.
The real part of the dielectric function ε 1 (ω) gives information about the electronic polarizability of material. The static dielectric function is inversely dependent on the band gap values. The comparison of the static dielectric constant ε 1 (0) under GGA and mBJ for both alumina phases are given in Table 2 , and for comparison with the experimental results, ε 1 (ω) is also estimated at 5 eV corresponding energy. One can clearly see in this table a convergence between GGA and LDA values for both γ-Al2O3 and θ-Al2O3. The interesting feature of the ε 2 (ω) curve is its first critical point, also known as optical absorption edge. Figure 4 shows the previously reported experimental data of α-Al2O3 [31] , and it is very similar in the general behaviour between these spectra and the spectra obtained in this work (Figure 3 ).
After getting the real and imaginary parts of the dielectric function, it becomes easy to calculate the reflectivity ( ) , refractive index ( ) , extinction coefficient ( ) , and absorption coefficient ( ). The frequency dependence of reflectivity ( ) for both alumina phases is shown in Figure 5 . There is no considerable anisotropy between spectral under 7 GGA and mBJ except the energy shift to higher values with mBJ. The same behaviour has been observed in the previous optical parameters. It is important to note that reflectance occurs along the spectrum regions 13 eV -25 eV (15 eV -27 eV) and 16 eV -25.5 eV (19 eV -26 eV) in case of GGA (mBJ) for γ-and θ-Al2O3, respectively. These regions exactly correspond to the negative values of ε 1 (ω), which refer to reflected incident waves from a material. The magnitude of the reflectivity at zero frequency is listed in GGA (mBJ) for γ-Al2O3 and θ-Al2O3, respectively. Figure 5 also shows α-Al2O3 reflectance spectrum that is plotted based on the experimental measurements from earlier work [32] . One can see matching in the energy regions mentioned above.
In industry, it is necessary to know the refractive index of materials to accurately design the optical devices. The refractive index ( ) and extinction coefficient ( ) curves for γ-and θ-Al2O3 are illustrated in Figure 6 , while for α-Al2O3, experimental results of Arakawa and Williams [31] and French, et al. [32] are put in Figure 7 to make a comparison.
At first glance, one can observe an excellent agreement with the experiment. Minor differences in spectra are mainly attributed to different phases. The calculated static values of refractive index (0) with both approximations GGA and mBJ are given in Table 2 . The present theoretical values of the refractive index at 5 eV are 1.806 (1.631) and 1.922 (1.555) computed with GGA (mBJ) for γ-and θ-Al2O3, respectively. These values are close to the experimental value of 1.86 [31] . As we know, that the refractive index spectrum is similar to the real part of the dielectric function ( ( ) = √ε 1 (ω)) [33] , therefore we attained this fact here (see Figures 3 and 6 ). Some applications require the highest value of refractive index and with corresponding energies, and the present results for γ-Al2O3 with a case of refractive index (corresponding energy) are 2.528 (9.374 eV) and 2.224 (11.143 eV) for GGA and mBJ, respectively. In the case of θ-Al2O3, the values are 2.172 (8.449 eV) and 1.888 (10.925 eV) 8 with both GGA and mBJ potential, respectively. The trend of similarity between GGA and LDA results are also observed in the ( ) and ( ) values (see Table 2 ).
The extinction coefficient ( ) is also calculated within GGA and mBJ for both alumina phases under consideration and is shown in Figure 6 . This is evidence that the overall behaviour of ( ) is close to that of the imaginary part of the dielectric functions ε 2 (ω) (see Figure 3) , which affirms the established theory. Of course, their tendency in detail is not precisely identical since the extinction coefficients depend on both the real and imaginary parts of the dielectric functions according to [33] .
Absorption coefficient ( ) as a function of frequency for γ-and θ-Al2O3 is shown in All these data show an increase in the prospect of using these materials in optoelectronic devices that can be operated on a wide range of ultra-violet (UV) spectrum.
Conclusion
In this work, FP-LAPW method has been used to investigate the electronic and optical Optical absorption spectra indicate a possibility of using these materials as a filter for various energies in the UV spectrum. Tables   Table 1: The calculated band gaps (eV) by GGA, LDA and mBJ potential for γ-and θ-Al2O3 compared with the previous theoretical and experimental data.
a: [17] , b: [18] , c: [19] , d: [20] , and e: [34] 
